電極上の油滴の電気化学的な動き by 于, 洁
  
 
 
 
福 井 大 学 審 査 
学 位 論 文 博 士 (工 学) 
 
 
 
Electrochemical movement of an oil drop 
on the electrode 
      
(電極上の油滴の電気化学的な動き) 
 
 
 
 
 
 
平成二十七年三月 
于 洁 
 
  
 
Contents 
 
Abstract .......................................................................................................................... I 
Acknowledgments ...................................................................................................... III 
 
Chapter 1 
Introduction 
1.1 Water|oil interface ................................................................................................. 1 
1.2 Emulsion ................................................................................................................. 1 
1.3 Electron transfer at water|oil interface ................................................................ 3 
1.4 Motion of oil droplet in aqueous phase ................................................................ 4 
1.5 Motivation of this work ......................................................................................... 5 
 
Chapter 2 
Experimental 
2.1 Chemicals ................................................................................................................ 7 
2.2 Apparatus ............................................................................................................... 7 
 
Chapter 3 
Participation in self-emulsification by oil-thin film voltammetry 
3.1 Aim .......................................................................................................................... 9 
3.2 Procedure .............................................................................................................. 11 
3.3 Results and Discussion......................................................................................... 11 
3.3.1 Reexamination of Anson's experiment ........................................................ 11 
3.3.2 Self-emulsification ......................................................................................... 15 
3.3.3 Transport of ferricyanide in oil .................................................................... 17 
3.4 Summary ............................................................................................................... 19 
 
  
 
Chapter 4 
Electrochemical reaction driving motion of oil droplet on the 
pyrolytic graphite electrode in aqueous phase 
4.1 Aim ........................................................................................................................ 21 
4.2 Procedure .............................................................................................................. 22 
4.3 Results and Discussion......................................................................................... 22 
4.4 Summary ............................................................................................................... 29 
 
Chapter 5 
Electrochemically focus-tunable convex lenses by oil-sessile drop 
5.1 Aim ........................................................................................................................ 30 
5.2 Procedure .............................................................................................................. 31 
5.3 Results and Discussion......................................................................................... 33 
5.4 Summary ............................................................................................................... 35 
 
Chapter 6 
Conclusions 
6.1 Conclusions ........................................................................................................... 36 
 
Chapter 7 
References 
7.1 References ............................................................................................................. 38 
  
 
 I 
 
Abstract 
 
The research on expansion and contraction of oil-sessile drop motion is applied 
on display elements and focus-tunable lenses. The mechanism is based on 
electrocapillarity which is a phenomenon of varying a contact angle of a sessile drop 
on an electrode with electrode voltage. The high driving voltage and short lifetime of 
the dielectric layer are the disadvantages. If electrode reaction which is driven by low 
voltages causes electrowetting, it can overcome the disadvantages. The aim of this 
thesis is to investigate whether the oil sessile drop motion could be controlled by 
electrochemical reaction of emulsion. 
There are six chapters in this thesis. The Chapter 1 is devoted to the background 
of this study along with its present status and our aim of future futurity as well. The 
Chapter 2 describes the experimental procedures. Chapters 3, 4 and 5 study on the 
emulsification at water|oil interface, controlling surfactant by electrochemical reaction 
of emulsion, and application of the oil droplet motion, respectively. 
The chapter 3 is devoted to detect the emulsification at water|nitrobenzene (NB) 
interface by electrochemical reaction. A pyrolytic graphite electrode (PGE) which has 
been coated with 30 μm thick NB film is immersed in hexacyanoferrate-included 
aqueous solution for thin-layer cell voltammetry. The reduction wave of ferricyanide 
appears at high scan rates. The water-soluble redox species, ferricyanide is 
demonstrated to pass through the nitrobenzene film in the form of aqueous droplets, 
which are adsorbed on the electrode surface. The large amount of adsorbed 
ferricyanide (the surface area of (1 nm)
2
 per adsorbed molecule) also has been 
calculated. Formation of aqueous droplets can explain electrode reactions at carbon 
paste electrodes without including redox species in paste. 
The chapter 4 is devoted to control the water|NB interfacial tension by using the 
adsorbed ferricyanide. The ionic surfactant tetrapentylammonium (TPA
+
) chloride is 
used as supporting electrolyte in both aqueous and NB phase. A hemispherical NB 
 II 
 
drop has been injected on the center of the PGE, then immerse it in aqueous phase 
formed a water|NB|PGE three phase boundary. The NB drop on the PGE expands in 
shape at the oxidation, whereas it contracts at the reduction of emulsions. The motion 
can be explained in terms of the interplay of the surface tension at the interface of 
NB|PGE and adsorption of ferricyanide in the NB phase on the PGE. The density of 
the adsorption is of the order of 10
-10
 mol cm
-2
, which corresponds to 2 mol dm
-3
 
(=M) for bulk concentration. The redox reaction varies concentrations of TPA
+
 by 2 
M near the electrode. The large concentration variation alters surface energy, yielding 
the motion accompanied by voltammetry. 
The chapter 5 is an application based on this electrochemical mechanism in 
chapter 4. A sessile drop of NB mounted on the transparent electrode immersed in the 
aqueous solution works as an optical lens of which focus can be controlled by 
electrode potential. The focal length decreases in the reduction potential domain. The 
focal length at the oxidation potential was 2.5 times larger than that at the reduction 
one. The switching between the long and the short focuses is almost reversible for 1 
hour by the potential control, synchronized with voltammograms.  
Conclusions of this thesis are shown in chapter 6. 
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                     Chapter 1              
Introduction 
 
1.1 Water|oil interface 
 
Nothing exists on the earth without having the interface. When two condensed 
phases come in contact with each other, interface is formed. Here, we focus on a 
liquid|liquid interface. 
There are two models for the water|oil interface. The mathematical interface 
model which was firstly introduced by Gibbs [1], has facilitated thermodynamic 
treatment. It is helpful for development on the physical chemistry, material, and 
mechanics fields.  
In electrochemistry, some researchers also have done some electron transfer 
experiments based on this model [2]. But in this case, we should consider the actual 
physical model of the water|oil interface in the light of free energy gap between two 
phases. Since the gap occurs in a molecular thick layer, it is relaxed with mutual 
dissolution. The gap can be also relaxed with formation of emulsions, i.e. generation 
of oil (water) droplets in aqueous (oily) solutions. In deed, we could see the oil 
droplets form in water or water droplets form in oil [3-4].  
The physical property and component concentration of emulsions are quite 
different with the water or oil phase. So electron transfer at water|oil interface may 
complicated by emulsification. 
 
1.2 Emulsion 
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Emulsions can be gotten by stirring the mixture of water and oil. This kind of 
emulsions becomes a phase-separated state easily because of the thermodynamically 
stable state [5]. 
Surfactants facilitate formation of emulsions because they can decrease surface 
tension [6]. According to Bancroft’s work [7-8], the water-in-oil emulsions are formed 
by using hydrophilic surfactant, and the oil-in-water emulsions are formed by using 
lipophilic surfactant.  
The self-emulsification occurs even under quiescent conditions without including 
surfactants [ 9 - 12 ]. Emulsification has been demonstrated to be predominant 
thermodynamically over phase separation owing to mixing entropy [13]. Water 
droplets have been found near the oil|water interface by an optical microscope [14], 
this phenomenon is described for the first time in the second half of the nineteenth 
century by Gad [15].Recently decades of years, oil droplets also have been detected 
by dynamic light scattering and voltammetry [16].  
Self-formation of droplets also has been found at the interface between hydrogen 
gas and water to stabilize hydrogen micro-bubbles in aqueous solution with a long life 
[17]. When mercury metal comes in contact with water quiescently, mercury drops are 
observed [18]. These observations suggest formation of droplets in the oil film by 
thin-layer voltammetry.  
Since then the research on self-emulsification has been a topic in interfacial 
chemistry [19-23]. Emulsions are thermodynamically more stable than completely 
separated oil- and water-phases because of formation entropy of microdroplets [13]. 
Consequently emulsions are often formed spontaneously when water comes in 
quiescent contact with water [14, 16]. So emulsions make immiscible water|oil 
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boundary vague, they may also increase thickness of the zone of water|oil|electrode 
three-phase boundary reactions. 
 
1.3 Electron transfer at water|oil interface 
 
Voltammetric techniques appear to be a simple and powerful tool for studying 
the thermodynamics and kinetics of electron transfer processes. Over the last few 
decades, the experimental approach for studying the electron transfer is advanced 
significantly and many modifications of the voltammetric experiments have been 
proposed [24-27]. 
Thin-layer voltammetry with an oil film is an electrochemical technique of 
detecting hydrophilic redox species through selection by the oil film. The principles 
have been developed by Anson et al [28-29] in the context of electron transfer at the 
oil|water interface. The recent progress, the theory, the data analysis and applications 
have been reviewed [30], from which data on electron transfer rates are available. It is 
close to the technique of scanning electrochemical microscope [31-33] in the cell 
construction and mass transport. Developments of this concept have been directed to 
three-phase reactions by Scholz [34-36], Aoki [37-40] and Stojek [41-44], to redox 
reactions micro-drops on electrodes [45-52], and to liquid-membrane ion-selective 
electrodes [53-57].  
Electrode reactions through thin oil films have been realized by carbon paste 
electrode technique at which carbon powder is mixed with insulating liquids such as 
paraffin oil, silicon oil, bromonaphthalene, tricresyl phosphate and recently ionic 
liquids. Carbon paste electrodes have been introduced by Adams [58] as a renewable 
electrode, which can be used alternatively for a dropping mercury electrode. They 
have exhibited sensitive widely to electroanalysis by use of suitable chemical 
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modifiers [59-62]. Concepts, fabrications and applications have been reviewed 
exclusively [63-64]. It is not clear why hydrophobic redox species can penetrate in 
thin oil film to reach the carbon electrode. Since the paste does not include any redox 
mediator generally, no reaction occurs according to Anson's model. 
 
1.4 Motion of oil droplet in aqueous phase 
 
With the continuous development of industrial technology, humans are 
increasingly aware of the importance of miniaturization technologies. Recently, 
miniaturization has become the development trend of human technology. Based on the 
study of controlling motion of micro-droplet at water|oil interface is particularly 
popular. Research in this area has been used in micro-fluid controlled [65-68], 
lab-on-chip [69-70], adjustable lenses [71-72], reflective displays [73], and other 
fields [74-75]. 
  Nowadays, most researchers focus on the controlling the interface capillary 
force [62,76-77] for controlling the movement of oil droplet. Such studies are 
electrowetting [78-79] control oil droplet movement. Electrowetting is defined by 
varying the voltage between the droplet and the insulating substrate, and the substrate 
to change the contact angle of the droplet, the droplet deformation phenomenon. 
Electrowetting is the foundation of modern science electrocapillarity, discovered by 
Gabriel Lippmann [80] in 1875. Gabriel Lippmann found when a voltage is applied 
between mercury and the electrolyte, electrostatic charge found significantly changed 
the capillary force of the contact interface. Then he presents Young-Lippmann 
equation. However, this model has a serious problem is that in aqueous solution 
applied voltage exceeds to 1.23 V [81], the solution has gradually been hydrolyzed. 
After years of study, based on Gabriel Lippmann’s research, Berge [82] proposes 
instead of the conductive substrate with an insulating layer, the metal electrode and 
droplet are isolated in order to avoid hydrolysis of liquid, this method is later called 
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electrowetting on dielectric (EWOD) [83]. 
Some researchers use another way to change the contact angle of the oil droplet 
at water|oil interface in order to get the motion. In 1978 [84],one kind of experiment 
has been done in which the trimethylstearylammonium chloride (TSACl) working as 
surfactant is used in aqueous phase, the nitrobenzene solution containing iodine and 
potassium iodide has been used as oil phase. In this system, an oil droplet ruleless 
movement is researched on glass surface in aqueous solution. Basic on the system this 
kind of thermochemical controlled oil droplet motion is researched at following years 
[85-89]. However, some reasons limit this development to application. First, the 
motion can’t be sustained for long time; secondly, direction and speed of the droplet 
can’t be controlled in this movement. 
 
1.5 Motivation of this work 
 
The principle of electrowetting is based on variations of surface tension at 
liquid|electrode interface with electrode voltage. It is conceptually equivalent to 
electrocapillarity. Electrowetting also has disadvantage in applying a high voltage. To 
achieve the low voltage driving, the new dielectric layer material and reducing the 
thickness were researched. But until now the lowest driving voltage is usually as high 
as dozens of voltage [74]. Also the thin layer has a problem of short-lived service life. 
Electrowetting has been found when faradaic reactions occur, as is exemplified 
by polarographic maximum currents [90]. Its interpretation involves complications 
relevant to redox reactions [91-92] rather than the Lippmann's concept. Examples are 
reactions at mercury drop electrodes [93-96], at droplet with liquid|liquid interfaces 
[97-98], by thin film voltammetry [99], and at three-phase boundary [36-37,100]. The 
faradaic reaction-controlled electrowetting occurs in a narrow voltage domain because 
the motion is driven by a specifically determined redox potential. 
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When an oil phase comes in contact with an aqueous phase, emulsions are 
formed spontaneously in order to alleviate the interfacial tension. Under this premise 
our research is devoted to investigate whether the oil-sessile drop motion could be 
controlled by electrochemical reaction of emulsion. In other words are to achieve a 
recyclable and low-power method for driving the oil-sessile drop motion.  
In order to achieve the oil droplet contracting and expanding motion at 
water|oil|electrode boundary by electrochemical method, (1) We investigate the W/O 
emulsions at water|oil interface by the electrochemical methods, and (2) find effects 
of electrochemical reactions on oil droplet motion. Finally, (3) make a focus-tunable 
convex lens for applications. 
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                     Chapter 2              
Experimental 
 
2.1 Chemicals 
 
All the chemicals were of analytical grade. All aqueous solutions were prepared 
with deionized and twice-distillation water. 
Nitrobenzene (NB, WAKO) was purified by dispersing active alumina powder 
and centrifuging it for 5 min. NB used for films was wet by immersion in water.  
Tetraheptylammonium perchlorates (THAP), sodium chloride (NaCl), sodium 
perchlorate (NaClO4) were used as received. 
Tetra-n-penthlammonium chloride (TPACl, TCI), tetrabutylammonium chloride 
(TBACl, TCI), tetraethylammonium chloride (TEACl, TCI) were used as received for 
the supporting salt in both aqueous phase and oil phase. 
K4Fe(CN)6 (99.5%, WAKO) and K3Fe(CN)6 (99.5%, WAKO) were used as 
redox species in aqueous phase. 
 
2.2 Apparatus 
 
The optical microscope was a video microscope, VH-5000 (Keyence, Osaka). A 
potentiostat was Compactstat (Ivium, Netherlands). Pyrolytic graphite electrode 
(PGE) 3 mm in diameter was purchased (BAS, Tokyo). It was polished with alumina 
powder. It was coated with polyetheretherketone wall of 1.5 mm in thick. The 
reference and the counter electrodes were Ag|AgCl (3 M KCl, M = mol dm
-3
) and 
platinum wire, respectively. The water phase bubbled nitrogen gas for 20 min before 
voltammetry. 
    NB films were formed by injecting a known volume of NB on the PGE electrode 
by use of a micropipette. The injected NB was dispersed spontaneously on the 
Chapter 2 Experimental 
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electrode owing to the hydrophobicity of the electrode surface. The thickness of the 
film was evaluated by dividing the volume by the area of the film.  
    Thermogravimetric analysis (TGA) was made by using TG-8125 (Rigaku, 
Tokyo). The amounts of samples were all ca. 35 mg. Temperature was increased at 
the rate of 20 degree C per min in nitrogen atmosphere.  
The size distribution of droplets was determined by using a dynamic light 
scattering (DLS) instrument (Malvern Zetasizer Nano-ZS, UK). 
The indium-tin oxide (ITO)-coated glass plate (Kuramoto Co.), was used for a 
transparent electrode.ITO glass was 404 mm2 with 6.6  sq and 81 % transparency. 
It was exposed to ozone gas for 5 min in order to make the ITO hydrophilic. The 
water phase bubbled nitrogen gas for 20 min before voltammetric run. 
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                    Chapter 3              
Participation in self-emulsification by oil-thin film 
voltammetry 
 
3.1 Aim 
 
    Thin-layer cell voltammetry with an oil film is an electrochemical technique of 
detecting hydrophilic redox species with a help of chemical selectivity of 
oil-dissolved species [2, 28-29]. The principle was suggested by Anson, as shown in 
Fig. 3.1(A). It is basically composed of two concepts. (i) The hydrophilic reactant 
(Fe(CN)6
3-
) cannot reach the electrode surface by penetration of the oil phase; (ii) The 
Fig. 3.1 Electron transfer reaction models (A) at the oil|water interface and (B) within 
the oil film when Fe(CN)6
3-
 in the aqueous phase is reduced at the PGE mediated with 
DMFc 
 
hydrophobic reactant (decamethylferrocene (DMFc)) which is in the thin organic 
layer can be oxidized by the electron transfer reaction with the hydrophilic species 
(Fe(CN)6
3-
), and the oxidized one is reduced by the electrode reaction. The second 
step is a redox cycling, including diffusion back and forth in the oil film. The electron 
transfer mechanism at water|oil interface has been demonstrated through in-situ 
spectro-electrochemical technique [101]. It has also been shown by scanning 
electrochemical microscopy, wherein redox species generated at the water|oil 
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interface is detected by the probe electrode around the interface [31-33]. Various 
applications have been reported in the light of this kind of electro transfer 
mechanisms [102-110]. The theory, the data analysis, the recent progress and 
applications have been reviewed [30], especially emphasizing the electron transfer 
rates [30].  
    The concept of water|oil interface voltammetry assumes that the aqueous phase 
and oil phase are separated unequivocally. The clear phase separation is, however, not 
guaranteed partly because of mutual dissolution [111-113] and partly because of 
self-emulsification [9-12]. The latter occurs by mixing entropy [13] even under 
quiescent conditions without including surfactants. The surface tension was not stable. 
Water droplets were found near the water|oil interface by using an optical microscope 
[14], while oil droplets were detected by using dynamic light scattering and 
voltammetry [16]. Thin layer-voltammograms may be influenced by formation of 
droplets in the oil film, and can be explained from a view point of self-emulsification 
rather than the electron transfer reactions. The emulsified aqueous droplets should 
contain Fe(CN)6
3-
, which can be reduced with DMFc in the oil phase, as is illustrated 
in Fig. 1(B). This mechanism is close to the penetration mechanisms by Osakai 
[114-115]. 
    An application of a thin oil film is a carbon paste electrode [58], at which redox 
species in aqueous solution passes through hydrophobic oil layer to react at 
electrically percolated carbon powder. Carbon paste electrodes have exhibited 
chemical sensitivity and selectivity in electroanalysis with a help of suitable chemical 
modifiers [59-62]. Fabrications, concepts, and applications have been reviewed 
exclusively [63-64]. However, it is not clear why hydrophobic redox species can 
penetrate in thin oil film to reach the carbon electrode. When the paste film does not 
contain any redox species, no reaction ought to occur according to Anson's model. 
The redox species might pass through the paste by self-emulsification to reach the 
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carbon powder. This possibility would be explained by an extended concept of thin oil 
film voltammetry. 
    This chapter is devoted to re-investigation of Anson's thin oil-film voltammetry 
in the light of the emulsification. Our attention is paid to penetration of 
hexacyanoferrate into thin nitrobenzene film coated on the electrode. The reduction of 
hexacyanoferrate will be detected without any redox mediator in the oil phase, while 
the amount of water droplets in the thin NB film will be detected. 
     
3.2 Procedure 
 
   We purified nitrobenzene (NB) by mixing it with active alumina powder and 
centrifuging the solution for 5 min. NB used for films was wet for immersing in water. 
The aqueous phase was deaerated for 20 min before voltammetry. 
    NB films were formed by injecting a known volume of NB on the PGE electrode 
by using a micropipette. The injected NB was dispersed spontaneously on the 
electrode owing to the hydrophobicity of the electrode surface. The thickness of the 
film was evaluated by dividing the volume by the area of the electrode.  
    Thermogravimetric analysis (TGA) was made by TG-8125 (Rigaku, Tokyo). 
Amounts of samples were all ca. 35 mg. Temperature was increased at the rate of 20 
degree C per min in nitrogen atmosphere. The size distribution of droplets was 
determined by a dynamic light scattering (DLS) instrument (Malvern Zetasizer 
Nano-ZS, UK). 
 
3.3 Results and Discussion 
 
3.3.1 Reexamination of Anson's experiment 
    We followed the voltammetric runs under the conditions similar to those Anson 
et al used [29]. We abbreviate the 0.1 M (mol dm
-3
) NaCl + 0.1 M NaClO4 aqueous 
Chapter 3 Participation in self-emulsification 
12 
 
solution as {W}, and 0.25 M tetraheptylammonium perchlorate (THAP) NB solution 
as {O}. The conditions as showed in Fig. 3.2 were (a) {W} including Fe(CN)6
3-
, (b) 
{O} film on the PGE immersed in {W} including Fe(CN)6
3-
, (c) decamethylferrocene 
(DMFc)-including {O} film on the PGE immersed in {W}, and (d) DMFc-including 
{O} film on the PGE immersed in the Fe(CN)6
3-
 including {W}. Voltammograms of 
(a)-(d) were obtained at 5 mV s
-1
 under the conditions similar to Anson's [29], and 
showed in Fig. 3.3(B). The voltammetric peaks at 0.18-0.25 V in (a) are due to the 
redox reaction of Fe(CN)6
3-/4-
, which cannot be noticeable in (b) because of blocking 
of Fe(CN)6
3-
 by the NB film. The NB film including DMFc showed the 
adsorption-like waves in (c), which belongs to a thin layer voltammogram. The 
cathodic wave in (d) is the catalytic current of Fe(CN)6
3-
 by the electron exchange 
reaction at the water|oil interface [29] 
Fe(CN)6
3-
{W} + DMFc{O}  Fe(CN)6
4-
{W} + DMFc
+
{O} 
    Our voltammograms in Fig. 3.3(B) were the same as Anson's (in Fig. 3.3(A)) in 
essentially. A feature of these voltammograms is disappearance of the redox wave at 
0.18-0.25 V in (b) and (d). However, our voltammograms at scan rates over 30 mV s
-1
 
exhibited the redox wave of Fe(CN)6
3/4-
 in (b) and (d). An example is shown in Fig. 
3.3(d'). We examined the wave for (b) and (d) in detail by varying scan rates.  
Fig. 3.2 Illustrations of the aqueous and the oil phases with four combinations of 
solutions. 
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Fig. 3.4 shows voltammograms at various scan rates under condition (b). The 
voltammetric run was started immediately after the {O}-coated electrode was 
immersed into {W}. Peaks were observed at the potentials ranging from 0.22 to 0.28 
V, which were close to the redox peak potentials of Fe(CN)6
3-/4-
 (in Fig. 3.3(B)(a)). No 
peak appeared in {W} without ferricyanide, meaning that ferricyanide could penetrate 
into the oil phase to reach the electrode.  
Fig. 3.3 Voltammograms at the PGE by (A) Anson et al. [29] and (B) the present 
authors at v = 5 mV s
-1
 under conditions of (a)-(d) in Fig. 3.2. Wave (d') was obtained 
at v = 30 mV s
-1
. The thicknesses of NB films were all 30 m. Voltammograms in (A) 
were re-plotted from Fig. (2) of reference [29] so that the potential axis was common 
to that of (B). 
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Fig. 3.4 Voltammograms under condition (b) of Fig. 3.2 at the {O}-coated PGE in 4 
mM Fe(CN)6
3-
 of {W} for v = 30, (b) 20 and (c) 10 mV s
-1
, where the thickness of NB 
film was 15 m. The dashed line is the background current for evaluating the charge 
in curve (c). 
 
    Fig. 3.5 shows the plot of the peak currents in Fig. 3.4 against the scan rates, v, 
showing the proportionality. Therefore the peak currents should be controlled by the 
surface process, probably of adsorption of Fe(CN)6
3-/4-
. It is the surface process that 
has made the peak clear at high scan rates. The surface process can be inferred from 
the potential difference between the cathodic peak and the anodic one (30-40 mV) less 
than the diffusion-controlled potential difference (60 mV). The area of the 
background-corrected peak current (the dashed line in Fig. 3.4(c)) may represent the 
redox charge in the oil film. We evaluated the cathodic and the anodic charges, and 
plotted them against scan rate v in Fig. 3.5. We evaluated the cathodic and the anodic 
charges at the slowest scan rates to obtain 210-10 mol cm-2 for the one-electron 
transfer reaction. This value corresponds to the surface area of (1 nm)
2
 per adsorbed 
molecule.  
Fig. 3.5 Variations of the cathodic and the anodic peak currents with the potential scan 
rate in Fig. 3.4. 
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3.3.2 Self-emulsification  
    The dry NB solution into which K3Fe(CN)6 was dispersed by ultrasonic bath did 
not show any voltammetric current. Therefore the peak current in Fig. 3.4 should 
require a contact with the aqueous phase. In order to find out a visual evidence of 
whether water can transfer through the NB film, a NB drop which came in contact 
with water was mounted on a lithium plate. We found formation of bubbles on the 
lithium metal soon, as shown in photographs by an optical microscope in Fig. 3.6. In 
contrast, a dry NB drop did not generate bubbles on the lithium plate. The bubbles 
should be hydrogen gas. The chemical reactivity suggests simple mixing of water 
with NB, as is similar to detection of acid in NB [116]. The other demonstration is 
detection of droplets by dynamic light scattering (DLS). After the NB phase came in 
contact with the aqueous phase for 50 min, a sampled NB phase showed DLS signal 
at diameters ranging from 1.6 to 3.0 m. Therefore water droplets are confirmed to be 
generated.  
Fig. 3.6 Photographs of the lithium metal surface (43 mm2) coated with (A) the dry 
NB film and (B) the NB film with which water came in contact. 
 
    It is interesting to know the concentration of penetrating water in NB film. We 
used thermogravimetric analysis (TGA) method. An aliquot sampled from {O} in 30 
min's contact with {W} was mounted on the TGA instrument. The variation of the 
weight and the heat flow with temperature are shown in Fig. 3.7. The heat flow 
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showed a minimum at 117
o
C although the weight looked to decrease monotonically 
with the temperature. The enhancement of the evaporation temperature from 100
 o
C is 
ascribed to inclusion of the supporting salts. The evaporation indicates that the water 
included NB should be in the state of thermally separable state. The weight loss 
before 117
 o
C should be a sum of evaporated water and NB. We obtained the weight 
loss of NB by subtraction of the weight of the dried {O} (dashed curve in Fig. 3.7). 
The net loss of water was 1.2 mg, corresponding to 3.4 weight % of water in {O}, of 
which concentration is 2 mM. This is the quantitative demonstration of the 
self-penetration of water. This technique has been used for detecting water droplets 
dispersed spontaneously into mercury under quiescent conditions [18]. 
Fig. 3.7 Temperature-dependence of weight and heat flow of {O} after contacting 
with {W} film for 30 min. The dashed curve is for dry {O}. 
 
    If water droplets participate in the adsorption of Fe(CN)6
3-/4-
 as shown in Fig. 
3.4-3.5, an artificially prepared emulsions including K3Fe(CN)6 should exhibit similar 
behavior. Emulsions with the volume ratio 20/1 of NB/water were prepared by mixing 
{O} with 4 mM K3Fe(CN)6-included {W} by means of ultrasonic bath for 10 min. 
The suspensions were white turbid. The voltammograms are shown in Fig. 3.8, being 
similar to those in Fig. 3.4. The peak currents were proportional to v, being also 
similar to those in Fig. 3.5. Therefore the behavior of the self-penetrated K3Fe(CN)6 is 
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the same as that of the emulsions. However, redox waves of the emulsions sometimes 
appeared and sometimes disappeared, probably because of the formation of 
matrioshka-type droplets such as oil-in-water-in-oil droplets [117]. 
Fig. 3.8 Voltammograms in the emulsion with the volume ratio of 20/1 for {O}/{W} 
for v = (a) 5, (b) 10, (c) 15, (d) 20 and (e) 30 mV s
-1
, where the {W} contained 4 mM 
K3Fe(CN)6. 
 
3.3.3 Transport of ferricyanide in oil 
    In order to estimate the transport rate of Fe(CN)6
3-
 from the oil|water interface to 
the electrode, we measured a period for Fe(CN)6
3-
 reaching the electrode from the 
interface. We started to make voltammetry in the potential domain of Fig. 3.4 after the 
{O}-coated electrode was immersed into Fe(CN)6
3-
-included {W}. There was no 
redox peak immediately after the immersion. The redox peaks at ca. 0.25 V began to 
appear after several voltammetric scans. The time of the appearance of the peak can 
be regarded as the period for Fe(CN)6
3-
 to reach the electrode surface through the {O} 
film. We obtained the periods for several values of the thickness of the {O} films, . 
Very thick films were required for determination of the period. The thickness 
determined with the microscope was plotted against the square-roots of the period, t, 
in Fig. 3.9, exhibiting a proportional relation. Therefore, Fe(CN)6
3-
 should transport in 
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the film by diffusion, obeyed by  = (Dt)1/2, where D is a diffusion coefficient. The 
value of D was 410-5 cm2 s-1. If a Fe(CN)6
3-
 molecule in {O} has the same diameter 
as in {W}, the diffusion coefficient in {O} is predicted to be 0.3710-5 cm2 s-1 from 
the Stokes-Einstein equation. The large value by the one order magnitude can be 
explained in terms of the enhancement of diffusion coefficients of sparingly soluble 
species, as being observed in ferrocene in water [118]. The supersaturated species, of 
which free energy is higher than that of low concentrated species, diffuses to a low 
concentration domain rapidly in order to dissipate the excess energy of the 
supersaturation. 
Fig. 3.9 Variation of the thickness of {O} film on the PGE with the square-root of the 
period after which the redox wave at 0.25 V appeared from the beginning of 
immersion of the electrode in {W}. 
 
We attempted to estimate an amount of penetrating Fe(CN)6
3-
 relevant to the 
catalytic reaction with DMFc. The {O} phase including DMFc was in contact with the 
{W} phase including Fe(CN)6
3-
 for 1 h. This {O} was dispersed on the electrode. As 
soon as the coated electrode was transferred into {W} without Fe(CN)6
3-
, a 
voltammetric run started. Since Fe(CN)6
3-
 is absent in {W} during voltammetry, 
Anson's model predicts no catalytic current, the value of which should be the same as 
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in Fig. 3.3(B)(c). Nevertheless, the observed voltammograms exhibited the cathodic 
peak at -0.17 V by three times larger than the simple reduction wave of DMFc
+
 at the 
first scan, as shown in Fig. 3.10. The large current should be the catalytic reaction 
occurring only in the NB phase. It should be caused by penetrated Fe(CN)6
3-
. The 
three times larger current corresponds to the sum of the twice catalytic current and the 
current by loaded DMFc (0.5 mM). Therefore 1 mM Fe(CN)6
3-
 may cause the 
catalytic current. Therefore, rate constants of the electron exchange reaction 
determined by the surface catalytic reaction include volume reaction rates as Osakai 
suggested [125-126].  
Fig. 3.10 Voltammograms at v = 30 mV s
-1
 immediately after the transfer of the 
electrode to {W} without Fe(CN)6
3-
 at (a) the first, (b) the second and (c) tenth scan. 
 
3.4 Summary 
 
    The electrocatalysis by thin-oil films works efficiently at slow scan rates, as 
Anson et al did. Voltammograms at high scan rates, however, make the influence of 
self-emulsification remarkable. When a NB-coated electrode without any redox 
species is immersed in the aqueous solution including hydrophilic redox species and 
supporting electrolyte, the electrode reaction occurs by penetration of the hydrophilic 
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species into the NB phase. The penetration is caused by diffusion, of which value is 
much larger than the conventional value. Consequently, the electron exchange 
reaction at the NB|water interface is not necessarily a rate-determining step but the 
reaction within the NB film is responsible for the current. The reaction at the interface 
is noticeable as the catalytic process at very slow scan rates, whereas the reaction 
within the NB film is remarkable at fast scan rates. The latter case may be used for be 
one of mechanisms of voltammetry at carbon paste electrodes. 
    Reaction of emulsion was detected by voltammetry show us that the surface 
tension was not balance at the water|oil interface. The large amount of adsorbed 
ferricyanide (the surface area of (1 nm)
2
 per adsorbed molecule) but only showed 
nano-scale peak current. It means that around water|oil interface it is lack of ions 
which could transfer into oil phase or aqueous phase freely. This founding encouraged 
us that if some kind of ionic surfactant was put into the water|oil interface, with the 
reaction of emulsion, the surface tension may be controlled. 
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                    Chapter 4                
Electrochemical reaction driving motion of oil droplet on the 
pyrolytic graphite electrode in aqueous phase 
 
4.1 Aim 
 
    Electrowetting is a phenomenon of varying a contact angle of a sessile drop on 
an electrode with electrode voltage [74]. Since it can control the size of drops 
reversibly [74, 119], it has been applied [120] to transport of microfluidics, 
lab-on-chip made of droplets, adjustable lenses, electronic displays, fast responding 
electronic paper, and fast micro-switches. Electrodes in these applications are coated 
with dielectric films in order to avoid electrolysis of liquid [121], because voltages 
required for variation of interfacial tension are as high as 100 V [74]. The principle of 
electrowetting is based on variations of surface tension at liquid|electrode interface 
with electrode voltage. It is conceptually equivalent to electrocapillarity, the example 
of which has been found for capillary depression of mercury in salt depending on 
applied voltage by Lippmann [80]. 
    Electrowetting has also been found when faradaic reactions occur, as is 
exemplified by polarographic maximum currents [90]. Its interpretation involves 
complications relevant to redox reactions [91-92] rather than the Lippmann's concept. 
Examples are reactions at mercury drop electrodes [93-96], at droplet with 
liquid|liquid interfaces [97-98], by thin film voltammetry [99], and at three-phase 
boundary [39-40, 100]. The faradaic reaction-controlled electrowetting occurs in a 
narrow voltage domain because the motion is driven by a specifically determined 
redox potential. This technique has been applied to change in size of droplets by 
voltage [84-89].  
    Because we have succeeded in detecting reaction of emulsion at water|oil 
interface by electrochemical method [122], the large amount of adsorbed ferricyanide 
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(the surface area of (1 nm)
2
 per adsorbed molecule) but only shows nano-scale peak 
current. It means that around water|oil interface it is lack of ions which could transfer 
into oil phase or aqueous phase freely. This founding encourages us that if some kind 
of ionic surfactant was put into the water|oil interface, with the reaction of emulsion, 
the surface tension may be controlled. This report is devoted to demonstration of the 
oil droplet motion by the redox reaction-control. 
 
4.2 Procedure 
 
    Bothe nitrobenzene (NB) and water were the same treatment as that in chapter 2. 
Before the voltammetry measurement, the aqueous phase was deaerated for 20 min. 
    NB droplets were formed by injecting a known volume of NB on the PGE 
electrode by using a micropipette. The NB droplet was immersed into aqueous phase 
vertical direction; it was evaluated as a part of a sphere. Videos of the NB droplet 
were taken by a microscope from the bottom direction. 
 
4.3 Results and Discussion 
 
Quaternary ammonium cation [123] could be used not only as supporting 
electrolyte salts but also as ionic surfactant. 
    Voltammograms of hexacyanoferrate were obtained in aqueous solutions 
including some kinds of tetraalkylammonium chlorides. Tetrahexylammonium 
chloride was not dissolved in water. Fig. 4.1 showed the voltammograms, together 
with the voltammograms in KCl. With an increase in the length of the alkylchains, the 
peak potentials of hexacyanoferrate shifted in the negative direction. Since 
hexacyanoferrates, 3-/4- anion, are neutralized by the counter ion, N
+
(CnH2n+1)4 (= 
An
+
), in the environment of hexacyanoferrate ions, they take the equilibrium forms,  
Fe(CN)6
3-
 + 3An
+
  Fe(CN)6
3-
(An
+
)3  
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Fe(CN)6
4-
 + 4An
+
  Fe(CN)6
4-
(An
+
)4  
With an increase in n, hydrophobicity of An increased to make the dissolution energy 
of Fe(CN)6
4-
(An
+
)4 in water higher than that of Fe(CN)6
3-
(An
+
)3. Since the standard 
potential of the reaction was given by  
                   (Eq. 4.1) 
Its value decreased with an increase in n, where F was the Faraday constant. This 
explained the experimental results. 
Fig. 4.1 Cyclic voltammograms of Fe(CN)6
4-
 in aqueous solutions including 0.5 M 
(CnH2n+1)4NCl for n = (a) 5, (b) 4 and (c) 2 and (d) 0.5 M NaCl at the PGB electrode 3 
mm in diameter for scan rate of 30 mV s
-1
, where concentrations were (a) 1.26, (b) 
1.54, (c) 1.49 and (d) 1.56 mM. 
 
TPACl was used as the supporting salt for the reason of that it could dissolve in 
both the aqueous and oil phase. 
A NB drop was formed by injecting a NB droplet (volume 0.1 μL) on the 
electrode by use of a micropipette. It was immersed in the aqueous solution, as 
illustrated in the inset of Fig. 4.2. Two pairs of redox peaks were observed in the 1
st
 
scan showed in Fig. 4.2(a); one pair was for the redox reaction (0.06 V) at the 
))A()CN(Fe())A()CN(Fe(
4
4
63
3
6


nnn
FE


Chapter 4 Electrochemical reaction driving motion 
24 
 
water|electrode interface; the other pair may be for that at NB|electrode interface 
(emulsion). In order to examine voltammograms of artificial emulsions, a given 
volume of water including 2 mM K4Fe(CN)6 + 0.5 M TPnACl was mixed with 0.5 M 
TPnACl-including NB in a ultrasonic bath. The PGB electrode was inserted into the 
emulsion. The peak potential was very similar to in Fig. 4.2(a) at -0.05 V. This 
observation indicated that the emulsions should be in the water-in-oil form. Also the 
reaction of emulsion was absorption controlled knowing by inset of Fig. 4.3. 
Fig. 4.2 Voltammograms at (a) the first and (b) the third scan at the PGB electrode 
mounted by a NB drop in 2 mM K3Fe(CN)6 + 0.5 M TPACl deaerated aqueous 
solution at the scan rate of 30 mV s
-1
. The electrode was only a center of which was 
coated with the NB droplet, as illustrated by the inset. 
The cathodic peaks were shifted in the negative direction by 50 mV from the 
third scan, as shown in Fig. 4.2(b). The potential shift was closed to the potential of 
the cathodic peak of the emulsion of NB in aqueous solution including K3Fe(CN)6 
and TPACl. Therefore the shift of the peak could be attributed to the reduction of 
emulsified Fe(CN)6
3-
. 
 
 
Chapter 4 Electrochemical reaction driving motion 
25 
 
 
Fig. 4.3 Voltammogram of ultrasonic emulsion, 1% NB in volume was in aqueous 
phase where scan rates were (a) 30, (b) 15, (c) 10 and (d) 5 mV s
-1
. The inset showed 
variations of the cathodic and the anodic peak currents with the scan rate. 
 
  
Fig. 4.4 Variation of the expanded area, S, with the potential during the voltammetry 
in the solution of Fig. 4.2 at v = 30 mV s
-1
 at the 3
rd
 scan. The arrows are directions of 
scanned potentials. 
 
-0.4 -0.2 0 0.2 0.4
1
1.2
1.4
1.6
1.8
2
E vs. Ag|AgCl / V 
S
 /
 m
m
2
(d) 
(b) 
(c) 
(a) 
Chapter 4 Electrochemical reaction driving motion 
26 
 
We found that the voltammograms at multiple scans contained noises in the 
potential domain less than 0.0 V, especially for the cathodic current. The instability 
may be related with self-emulsification [14], which often bringed about 
macroscopically geometrical change in the interfaces. In order to find what happened 
at the interface, we observed the change in size of the drop normal to the electrode 
through a microscope during the voltammetry. The area of NB droplet changed with 
the potential. We observed the change in the projected area of the NB droplet from the 
view normal to the electrode during the voltammetry (Fig. 4.4). The variation 
occurred at the potentials close to the peak potential in Fig. 4.2(b). It was attributable 
to the redox reaction of Fe(CN)6
3-/4-
. No variation of S was found without Fe(CN)6
3-/4-
. 
Since Fe(CN)6
3-/4-
 is monolayer-adsorbed at the NB|PGE [122], the redox reaction can 
vary the interaction with TPACl to change the surface tension. 
The oil droplet motion could be explained in terms of the interplay of the surface 
tension at the interface of NB|PGE and adsorption of Fe(CN)6
3-/4-
 in the NB phase on 
the PGE which has been discussed in chapter 3. So in the NB part on the PGE, several 
micrometers away from the three phase boundary, large amount of adsorbed 
ferricyanide was on the electrode surface. The density of the adsorption was of the 
order of 10
-10
 mol cm
-2
, which corresponded to 2 mol dm
-3
 (=M) for bulk 
concentration. As a result, the redox reaction varied concentrations of TPA
+
 by 2 M 
near the electrode. The large concentration variation altered surface energy, yielding 
the motion accompanied by voltammetry. 
We found some white cloud in the videos of our experiment; it should be the oil 
in water form emulsion which caused by the reason of added ionic surfactant. So we 
tried to change the concentration of TPACl in the aqueous phase and NB phase. Then 
the cyclic voltammetry was shown in Fig. 4.5. When the low concentration of TPACl 
(1 mM- 20 mM) was used, only the redox reaction in the aqueous phase could be 
detected at 0.2 V. The example is shown in Fig. 4.5(a). From the peak current at 0.2 V 
we understand that most ferricyanide reacts with the PGE directly. So there is limited 
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ferricyanide goes into oil droplet. Due to the low concentration of supporting 
electrolyte, the reaction at negative potential showed three phase boundary reaction 
liking. 
Fig. 4.5 Cyclic voltammograms of different cTPACl for (a) 4 mM, (b) 40 mM and (c) 
100 mM with the method of Fig. 4.2 at v = 30 mV s
-1
, the aqueous solution containing 
500 mM KCl. 
 
We also detected the motion scale of NB drop during the cyclic voltammetry. In 
the reduction process, the NB drop contracted firstly same as that in high 
concentration of TPACl did. But after contraction, the droplet started to rotate on the 
PGE until to the oxidation process started. This phenomenon showed that the TPACl 
was not reach to the critical micelle concentration, the distribution of TPA ions at 
water|NB interface were not enough for the emulsion’s reaction, so the ruleless 
motion appeared. This phenomenon appeared until the concentration of TPACl was 40 
mM. From the cyclic voltammogram shown in Fig. 4.5(b), the reduction peak of 
emulsion was detected in 40 mM TPACl solution. The shifted reduction peak may be 
caused by low concentration of TPACl as supporting salt. The 100 mM TPACl in the 
solution, three reduction peaks appeared. The reduction peak of emulsion was clearly 
detected at -0.1 V; both the peak at 0.06 V and 0.19 V were the reaction of 
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ferricyanide in aqueous phase, this could be explain by Eq. 4.1 by the two kinds of 
supporting anion TPA
+
 and K
+
. 
On the other hand, the NB drop contracted to the minimum size, we recorded the 
diameter as d1. When the NB drop expanded to the maximum size, we recorded the 
diameter as d2. The motion scale was the ratio of d1/ d2. We made a plot of the motion 
scale with different concentration of TPACl in Fig. 4.6. We could know that only the 
concentration of TPACl was more than 100 mM, the droplet could have a maximum 
deformation. The ratio was 0.78. We also used Tetrabutylammonium chloride (TBACl) 
to get the maximum deformation, the value was 0.9. The different maximum motion 
scale probably caused by different ability of surfactant [123]. 
Fig. 4.6 Variation of the motion ratio, d1/d2, with the concentration of TPACl. d1 was 
the diameter of minimum size; d2 was the diameter of maximum size. 
 
    We found only the concentration of TPACl was more than 200 mM, the white 
cloud appeared, so we thought the 100 mM TPACl was enough for driving the NB 
droplet motion. 
    The NB droplet motion was no matter with the electrode surface was. Platinum, 
glassy carbon and ITO glass surface could be used as working electrode, too. Also we 
have changed the oil to 2-nitrophenyl octyl ether (NPOE); the motion could be seen as 
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well. 
 
4.4 Summary 
 
Tetrapentylammonium (TPA+) chloride was not only as supporting electrolyte 
but also as surfactant was used in both aqueous and NB phase. Periodical motion of 
an NB drop on the pyrolytic graphite electrode (PGE) in aqueous solution was found 
during redox reactions of Fe(CN)6
3-/4-
. The hemispherical drop expanded in shape at 
the oxidation, whereas it contracted at the reduction. This motion continued as long as 
voltammetric run was cycled. The voltammograms showed two pairs of peaks; one 
being due to the redox reaction in the aqueous phase at 0.06 V, the other being due to 
the redox reaction included in aqueous droplets at -0.06 V. The droplets were 
dispersed to the oil phase in emulsion form which had the same peak potential with 
the ultrasonic emulsion form. 
    The motion can be explained in terms of the interplay of the surface tension at 
the interface of NB|PGE and adsorption of Fe(CN)6
3-/4-
 in the NB phase on the PGE. 
The density of the adsorption was of the order of 10
-10
 mol cm
-2
, which corresponded 
to 2 mol dm
-3
 (=M) for bulk concentration. As a result, the redox reaction varied 
concentrations of TPA+ by 2 M near the electrode. The large concentration variation 
altered surface energy, yielding the motion accompanied by voltammetry. The motion 
was observed even at glassy carbon and indium-tin oxide electrodes. It was also seen 
in 2-nitrophenyl octyl ether. 
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                         Chapter 5                           
Electrochemically focus-tunable convex lenses by oil-sessile 
drop 
 
5.1 Aim 
 
With the continuous development of industrial technology, humans are 
increasingly aware of the importance of miniaturization technologies. Recently, 
miniaturization has become the development trend of human technology. Based on the 
study of controlling motion of micro-droplet at water|oil interface is particularly 
popular. Research in this area has been used in micro-fluid controlled [65-68], 
lab-on-chip [69-70], adjustable lenses [71-72], reflective displays [73], and other 
fields [74-75]. 
    Now, most researchers are focus on the controlling the interface capillary force 
[65, 76-77] for controlling the movement of oil droplet. Such studies are 
electrowetting[78-79] control oil droplet movement. Electrowetting is defined by 
varying the voltage between the droplet and the insulating substrate, and the substrate 
to change the contact angle of the droplet, the droplet deformation phenomenon. 
Electrowetting is the foundation of modern science electrocapillarity, discovered by 
Gabriel Lippmann [80] in 1875. Gabriel Lippmann found when a voltage was applied 
between mercury and the electrolyte, electrostatic charge found significantly changed 
the capillary force of the contact interface. Then he presented Young-Lippmann 
equation. However, this model had a serious problem is that in aqueous solution 
applied voltage exceeds 1.23 V [81], the solution gradually hydrolyzed. After years of 
study, based on Gabriel Lippmann’s research, Berge [82] proposed instead of the 
conductive substrate with an insulating layer, the metal electrode and droplet are 
isolated in order to avoid hydrolysis of liquid, this method was later called 
electrowetting on dielectric (EWOD) [83]. EWOD also has disadvantage. Since 
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EWOD was performed, it is necessary to drive a high voltage. To achieve the low 
voltage driving, the new dielectric layer material and reducing the thickness were 
researched. But until now the lowest driving voltage is usually as high as dozens of 
voltage [65]. Also the thin layer has a problem of short-lived service life. 
    Some researchers use another way to change the contact angle of the oil droplet 
at water|oil interface in order to get the motion. In 1978 [84],one kind of experiment 
was done in which the trimethylstearylammonium chloride (TSACl) working as 
surfactant was used in aqueous phase, the nitrobenzene (NB) solution containing 
iodine and potassium iodide was used as oil phase. In this system, an oil droplet 
ruleless movement was researched on glass surface in aqueous solution. Basic on the 
system this kind of thermochemical controlled oil droplet motion was researched at 
following years [86-89]. However, some reasons limited the development to 
application. First, the motion can’t be sustained for long time; secondly, direction and 
speed of the droplet can’t be controlled in this movement. But this kind of research 
enlightens us that the possibility of surfactant could be controlled by other method. 
    Our research is devoted to continue the idea of controlling the surfactant at 
water|oil interface. A recyclable and low-power method was used for driving the 
motion. Last chapter showed us that both the aqueous and oil phase contained ionic 
surfactant, during the electrochemical reaction of the water droplets, in order to reach 
the electrochemical reaction balance, the ionic surfactant could be moved from the 
interface or return to the interface. So following the consideration the 
water|oil|electrode three phase boundary reaction experiments [38-39, 123-124] were 
designed and got an exciting result. So in this chapter, we aimed to make 
focus-tunable convex lens by using this mechanism. 
 
5.2 Procedure 
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Water was deionized and distilled. Nitrobenzene (NB) was purified by dispersing 
active alumina powder and centrifuging it for 5 min. NB used for films was wet by 
immersion in water.  
    The indium-tin oxide (ITO)-coated glass plate (Kuramoto Co.), 404 mm2 with 
6.6  sq and 81 % transparency, was used for a transparent electrode. It was exposed 
to ozone gas for 5 min in order to make the ITO hydrophilic. The reference and the 
counter electrodes were Ag|AgCl (3 M KCl) and platinum wire, respectively. The 
water phase was deaerated for 20 min before voltammetric run.  
    A NB drop was formed by injecting a known volume of NB on the electrode. It 
was immersed in the aqueous solution including K3Fe(CN)6 +  TPACl. The cell 
structure is illustrated in Fig. 5.1.  
    The focal length was regarded as the distance between the electrode and a real 
image when an object, a black dot 33 mm in diameter on a white paper, was located 
far from the electrode. 
 
 
Fig. 5.1 Illustration of the cell structure for measurements of functionality of a lens of 
a NB sessile drop. 
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5.3 Results and Discussion 
 
     The voltammogram in the deaerated aqueous solution of 2.0 mM K3Fe(CN)6 + 
0.1 M TPACl. 
    When potential was less than -0.12 V, the drop shrunk to 60 %, as shown in the 
photograph of Fig. 5.2. Then the drop should become higher. Unfortunately, it was 
difficult to determine the change in the height of the drop accurately. We estimated the 
height, h, from the area, S, of the drop expanded on the electrode and the volume of 
the drop, V, on the assumption that the sessile drop is a part of a sphere with radius, r. 
Since the volume and the area are given, respectively, by S = [r2 – (r-h)2] and V = 
h2(r - h/3), elimination of r yields 
h3/6 + hS/2 - V =0                     (1) 
The values of h determined from S and V through Eq. (1) are 0.18 mm and 0.11 mm 
for Fig. 5.2(A1) and (A2), respectively. The images calculated from r and V is drawn 
in Fig. 5.2(B). The variation of h is expected to work as focus-tunable lenses. 
Fig. 5.2 Photographs of the 0.1 mm
3
 drop at (A1) -0.12 and (A2) 0.30 V under the 
same conditions as in Fig. 4.4. The cross sections of the sessile drops, (B1) and (B2), 
were calculated from Eq. (1) at known values of S and V, for (A1) and (A2), 
respectively. 
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     In order to utilize the voltage-controlled diameters of the drop as a lens, it is 
important to examine reversibility and a controlling level of the curvature of the 
sessile drop. The area was reproducible after the cycle of the potential. The oil 
droplets could work as long as 1 hour. 
    We observed a real image of a triple LED lamp through the NB drop 3.2 mm in 
diameter which was mounted on the ITO glass. The image was projected on a CCD 
image sensor of a digital camera. The clear image for the dot, as shown in the inset of 
Fig. 5.3, indicates that the sessile drop should work as a convex lens. We determined 
focal lengths, f, at various potentials by focusing the image. Since the object was 
located a few meters away from the drop, the distance between the real image and the 
drop is approximately equal to the focal length. Fig. 5.3 shows the dependence of f on 
the potential. The focal lengths varied by 2.5 times with the potential reversibly for 
1hour. The potential variation of f is obviously caused by that of the contact angle 
owing to the redox reaction. Unfortunately, the speed of varying focal length could 
not be measured by the present instrument. 
Fig. 5.3 Dependence of the focal length of the NB drop on the electrode potential 
when the potential was shifted in the (circles) negative and the (triangles) positive 
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directions in 2 mM K3Fe(CN)6 + 0.1 M TPAC solution. The inset is the real images of 
the object of a black dot on white paper shot at (A) -0.30 V and (B) 0.18 V. 
 
5.4 Summary 
 
    The curvature radius of the NB sessile drop varies with applied voltage when the 
drop is immersed into K3Fe(CN)6 + TPACl aqueous solution. The change in radii is 
ascribed to the redox reaction of K3Fe(CN)6 rather than electrocapillarity by 
Lippmann. The radii are small in the reduced potential domain. This variation can be 
applied to a convex lens. Real images are observed clearly at potentials around the 
standard potential of hexacyanoferrate. The focal length vs. the potential curve is a 
sigmoid. The focal length at the oxidation potential is 2.5 times larger than that at the 
reduction one. 
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                         Chapter 6                           
Conclusions 
 
6.1 Conclusions 
 
    By using electrochemical method to detect emulsification at water|nitrobenzene 
(NB) interface, the electrocatalysis by thin-oil films works efficiently at slow scan 
rates, as Anson et al did. Voltammograms at high scan rates, however, make the 
influence of self-emulsification remarkable. When a NB-coated electrode without any 
redox species is immersed in the aqueous solution including hydrophilic redox species 
and supporting electrolyte, the electrode reaction occurs by penetration of the 
hydrophilic species into the NB phase. The penetration is caused by diffusion, of 
which value is much larger than the conventional value. Consequently, the electron 
exchange reaction at the NB|water interface is not necessarily a rate-determining step 
but the reaction within the NB film is responsible for the current. The reaction at the 
interface is noticeable as the catalytic process at very slow scan rates, whereas the 
reaction within the NB film is remarkable at fast scan rates. The density of the 
adsorption is of the order of 10
-10
 mol cm
-2
, which corresponded to 2 mol dm
-3
 (=M) 
for bulk concentration.  
    After detecting the emulsification at water|NB interface, Periodical motion of an 
NB drop on the pyrolytic graphite electrode (PGE) in aqueous solution has been 
found during redox reactions of Fe(CN)6
3-/4-
. Tetrapentylammonium (TPA
+
) chloride 
is not only as supporting electrolyte but also as surfactant is used in both aqueous and 
NB phase. The hemispherical drop expands in shape at the oxidation, whereas it 
contracts at the reduction. This motion continues as long as voltammetric run is 
cycled. The voltammograms showed two pairs of peaks; one being due to the redox 
reaction in the aqueous phase at 0.06 V, the other being due to the redox reaction 
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included in aqueous droplets at -0.06 V. The droplets are dispersed to the oil phase in 
emulsion form which has the same peak potential with the ultrasonic emulsion form. 
    The motion can be explained in terms of the interplay of the surface tension at 
the interface of NB|PGE and adsorption of Fe(CN)6
3-/4-
 in the NB phase on the PGE. 
The density of the adsorption is of the order of 10
-10
 mol cm
-2
, which corresponds to 2 
mol dm
-3
 (=M) for bulk concentration. As a result, the redox reaction varies 
concentrations of TPA
+
 by 2 M near the electrode. The large concentration variation 
alters surface energy, yielding the motion accompanied by voltammetry.  
An application based on this electrochemical mechanism has been made. The 
curvature radius of the NB sessile drop varies with applied voltage when the drop is 
immersed into K3Fe(CN)6 + TPACl aqueous solution. The radii are small in the 
reduced potential domain. This variation can be applied to a convex lens. Real images 
are observed clearly at potentials around the standard potential of hexacyanoferrate. 
The focal length vs. the potential curve is a sigmoid. The focal length at the oxidation 
potential is 2.5 times larger than that at the reduction one.
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